SUMMARY
The objective of the grant was to investigate novel quantum-confined heterostructure coupled with photon controlling cavities. These would be used for developing high operating temperature (HOT) mid-wave infrared (MWIR, 3~5 µm) and long-wave infrared (LWIR) sensors. The heterostructure would be based on nanoscale selfassembled quantum dots in a well design (DWELL). This effort will include a trade study to evaluate these technologies and a rigorous investigation of the performance parameters of these technologies. The final objective of this effort would to demonstrate a 320 x256
MWIR focal plane array (FPA) operating at higher temperatures.
Overall Progress
We have made excellent progress on this project as determined by the number of 
INTRODUCTION
MULTI-SPECTRAL infrared (IR) detection has major applications in the field of gas detection, identification of chemical and biological compounds, remote sensing and thermography. This capability is considered an integral part of third generation IR systems, along with large format arrays and higher temperature of operation. Multispectral detection can help in detection of targets, especially in low contrast and high clutter. Current multi-spectral systems make use of an external filter with a broadband focal plane array (FPA) or disperse the light on to several arrays. This approach however increases the cost of the arrays several fold. The use of external components such as filters or beam splitters increase the size of these systems and require complex optical alignment, as array sizes increase. As a result current 30-50 band multi-spectral arrays cost $10-$15 million. A limited multi-spectral capability;viz. dual color detection, can be achieved in arrays using back to back biased diodes or by asymmetric design of absorbing regions, enabling detection of multiple wavelengths by changing the bias polarity. Encoding of spectral and polarization information within the pixel can lead to large scale cost savings, reduced complexity and increased functionality of the arrays.
The mid-wave infrared (MWIR) and long-wave infrared (LWIR) regions are of great Approved for public release; distribution is unlimited.
interest in imaging applications, due to the emission characteristics of objects near room temperature. Targets close to room temperature have high spectral content in these regimes and can be effortlessly identified using their spectral and polarization signatures.
The major detector technologies currently existing in these regimes are bulk InSb in the MWIR, bulk HgCdTe in LWIR, and quantum well infrared photodetectors (QWIP) in LWIR. HgCdTe detectors have a high quantum efficiency and low dark currents; but due to problems inherent in the control of composition of the alloy, these detectors have a low yield. This increases the cost of HgCdTe detectors manyfold. InSb detectors are currently the dominant technology in MWIR, but need cooling to 77 K for their operation.
Quantum dot infrared detectors (QDIP) and strained layer superlattices (SLS) are considered to be emerging technologies for third generation infrared detectors. These devices along with the QWIP, use transitions within quantum confined structures for infrared detection. They use mature growth and processing technologies associated with III-V compounds and this makes fabrication of large arrays using these technologies easier. We have used a variant of the QDIP, known as the dots-in-a-well (DWELL) infrared photodetector as the technology to demonstrate spectral tuning. In this technology quantum dots are embedded in a quantum well, and intersubband transitions in the conduction band of this system result in infrared absorption. The DWELL structure provides better control of the absorption wavelength when compared to QDIPs and provides a lower dark current. Dual color operation is also possible due to the nature of bound to bound and bound to continuum transitions that result in infrared absorption. As a result, the DWELL system exhibits a spectral response from 3-9 µm. This is very relevant for demonstration of spectral tuning, as it provides a broad wavelength range over which response of the cavity can be tuned. The DWELL system, using asymmetrically placed dots in a well can result in bias tunable spectral response due to quantum confined Stark effect (QCSE). Encoding of spectral information into a pixel has been attempted before by the use of Fabry-Perot cavities, which are epitaxially grown or by using microelectronic mechanical actuators (MEMS). Another approach is to use gratings etched on to the surface of the detector. This has resulted in improving performance of QWIPs in the LWIR region. Gratings etched into the active region couple incident light into higher order modes enabling higher absorption. The use of dielectric Approved for public release; distribution is unlimited.
and metallic deep etched photonic crystals have been attempted in the LWIR region, but the high aspect ratio needed in etching makes processing difficult. Here we present a novel method whereby the spectral and polarization response of a DWELL detector is tuned by coupling the absorption of the active region to the resonant modes of a surface Plasmon cavity integrated with the detector. This technique simplifies the processing required for the integration of the cavity without increasing the dark currents, is detector agnostic and can easily be transferred to a focal plane array.
Assumptions, Growth Procedures:
The detector samples used for demonstration of multi-spectral sensing have InAs quantum dots embedded in quantum wells as their active region with GaAs substrates.
This design offers considerable advantages over systems based on quantum dots alone.
Typically, solid state quantum dots are grown in the Stranski-Krastanow mode(SKM), using self assembly techniques. This method results in dots with varying sizes and hence it is difficult to control the operating wavelength of the detector. In a DWELL structure, transitions that result in infrared detection are from the ground state of the dot to a state in the well or in the continuum. This results in better control of operating wavelength for the system. The DWELL structures also exhibit a dual color response, with one peak in the MWIR and the other in the LWIR regions. This is due to the transitions from a state in the dot to quantum well and from the dot to the continuum. Bias tunable spectral response can be obtained in a detector based on DWELL design. This is done by placing quantum dots asymmetrically in wells, resulting in QCSE, leading to asymmetric spectral response with applied bias polarity . Two variants of the DWELL design were used to fabricate the detectors. The first structure consisted of quantum dots embedded in a single quantum The DDWELL design has 30 stacks of active region when compared to the DWELL design. This results in higher absorption cross-section of these devices, enabling their higher temperature operation. The use of DDWELL structures increases the operating temperature of the detectors, while maintaining its advantages like low dark current and spectral tuning. As to be discussed in Section III, the higher number of active region stacks results in a higher modal confinement of the resonant mode. A schematic representation of the conduction band of the DWELL design is shown in Fig. 1(a) and for the DDWELL design in Fig. 1(b) . The detector structures were grown using solid source molecular beam epitaxy (MBE) using a V80 machine. The active region is sandwiched between top and bottom contacts consisting of n-doped GaAs, Si doped to 2x10 18 cm -3 . An Al Ga As layer exists below the bottom contact layer, serving as a cladding layer to confine the resonant mode energy in the active region.
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Fabrication Process:
Detector structures were processed in a class-100 cleanroom using standard techniques of mesa etching, passivation and contact metal deposition. The pixels consisted of topilluminated 410x410 µm 2 mesas, with aperture diameters ranging between 25 and 300 µm. A thin layer of SiN was deposited as a passivation layer, followed by a contact metal and a thin plasmonic metal (Ti/Ag) evaporation by e-beam deposition. The plasmon metal covers the entire aperture of the detector, eliminating the detector response to IR light at this point. Care was taken to cover all excess area on the device by metal to reduce substrate scattering. Following this, three sets of samples were fabricated using ebeam lithography and dry etching: Sample A with DWELL active region, sample B and sample C with the DDWELL active region. Sample A and B have periodic square holes in a square lattice pattern, while sample C had lattice constants stretched in one direction and compressed in the orthogonal direction. Two control samples without the cavity or the plasmon metal were also prepared, control1 for sample A and control2 for samples B and C, as they have the same active region, to compare the effect of the cavity on the detector. The patterned samples and the control sample were part of the same growth and were processed together till the plasmon metal step, to eliminate variations in growth and processing. A top view of the fabricated detector is shown in Fig. 2 (A) and an SEM image of the fabricated lattice is shown in Fig. 2 
(B).
Approved for public release; distribution is unlimited. Two color InAs/InGaAs quantum dots in well (QDWELL) detectors were designed, grown, fabricated and characterized. Transmission electron microscopy images revealed that there were no defects in the device ensuring the good optical quality of the sample.
Using standard cleanroom lithography techniques, such as wet and dry etching, metal evaporation and annealing, n-i-n detectors were fabricated. Devices with different active area dimensions were fabricated. The diameter of the devices varied from 25 µm to 300 µm. The devices were then wire bonded on to a chip carrier and delivered to Dr. Dave Cardimona's group at the Air Force Research Laboratory. Extensive blackbody and noise characterization was performed on these detectors.
Results

A two color quantum dot detector was realized and this was reported in Applied Physics
Letter. A three color quantum dot detector operating in the MWIR (3.8 µm), LWIR (8.5 µm) and VLWIR (23.2 µm) was also designed grown and fabricated as shown in Fig 3. Work is also in progress to realize a polarimeter based on quantum well infrared photodetectors. The details of this fabrication will be highlighted in the next report.
One of the PI's students working on this contract, Capt. Mario Serna, Jr. was selected as the finalist in the National Collegiate Inventors Competition.
Device Design and Fabrication
We grew a structure with a DWELL detector and an underlying waveguide consisting of a high Al composition Al 0.70 GaAs 0.30 layer. The heterostructure schematic of the structure (UNM 2201) is shown in Fig. 4 . Approved for public release; distribution is unlimited.
One of the issues that we encountered while testing the previous batch of samples was the Approved for public release; distribution is unlimited. including the observation of resonances in the structure. We are currently working on understanding the data and comparing it with the theoretical model. In the next report, we will summarize the results of this study. In a parallel effort, we have been investigating alternate capping material to shape engineer the quantum dots to provide better 3D confinement and improve the operating temperature. Fig. 6 shows the first results from these structures are very encouraging and show operation at temperatures as high as 150K. We are currently studying the detailed figures of merit of these detectors. 2.3A/W at -2.0V. Fig. 7 shows the simulation of the band structure and transmission probability of the resonant tunneling device. off between lower dark current and higher peak wavelength. Typical dark current blocking layers, which offer triangular barriers, also block the photocurrent at higher wavelengths. In this letter, we propose the use of resonant tunneling (RT) barriers for DWELL detectors which remove the trade-off by clever barrier design, as they allow the designed energy levels to pass while blocking a continuum of energies, thereby reducing the dark current. Resonant tunneling barriers have been previously employed to reduce the dark current in QDIPs. With the RT-DWELL detectors, we demonstrate a significant 2-3 orders of magnitude improvement in the dark current over a so-called control sample.
Control sample has the same structure and peak response wavelength as the RT-DWELL detector, but does not have the resonant tunneling barriers.
The samples were grown in a V-80 molecular beam epitaxy system, with an As 2 cracker source. The RT-DWELL sample has 10 stacks of InAs quantum dots in 7.5nm
In 0.15 Ga 0.85 As quantum well. The RT barrier on the top of the DWELL in each stack has 2nm GaAs, 2nm Al 0.3 Ga 0.7 As, 5.5nm In 0.15 Ga 0.85 As and 2nm Al 0.3 Ga 0.7 As. There is an additional 50nm GaAs barrier between the two stacks. Control sample has a same structure except for the absence of the RT-barrier. The RT-barrier was designed in such a way that it allows the photocarriers excited from the dot in the positive bias to be extracted through resonant tunneling. As the pass-band of RT barrier is aligned to the conduction band edge of GaAs, it also allows thermalized carriers to pass through in the negative bias. The calculated band diagram and energy-eigenvalues and wavefunctions are shown in Fig. 7 . Calculated tunneling probability as a function of energy for an uncoupled RT-barrier is shown in the inset. Three point finite element method (FDM) was used to simulate the coupled well and RT-barrier structure, while the transfer matrix method was used to calculate the tunneling probability for RT-barriers. Results from both methods are in excellent agreement (within 2%) for the calculations of wavefunctions and energy eigenvalues. The above calculations simulate only 2D wavefunctions, that is, the quantum dot was not considered. As seen in the inset, the RT-barriers have a sharp transmission peak at the resonance energy, while it blocks majority of other energies.
This allows lower dark current while maintaining a high peak wavelength.
The dark current in a DWELL device can be approximately modeled by a simplistic model based on the calculation of tunneling probability for the carriers from the quantum dot through the barriers. Surface dot density of 5x10 10 cm -2 , inhomogeneous broadening of 40meV, saturation velocity of 2x10 7 cm/s, electron mobility of 1000cm 2 /V.s was assumed for the calculations. Fermi level was assumed to be located just above the ground state of the dot, as the dots are doped at approximately 1 electron per dot level.
The model is accurate only for lower biases at relatively higher operating temperatures. Resonant tunneling barriers, although decrease the dark current significantly; also decrease the photocurrent, thereby decreasing the responsivity. Fig. 9 shows the comparison of responsivity and specific detectivity of the two samples. The substrate scattering effects were neglected while calculating the responsivity. The responsivity is reduced by a factor of 2.5 at a given voltage. However, due to the higher operating bias range, the measured peak responsivity for RT-DWELL is actually higher than that of the control sample. Secondly, since the R.M.S noise current is also reduced, the reduction in the responsivity at a particular bias is more than compensated such that there is a net improvement in the signal to noise ratio. This can be seen as an improvement in D* by a factor of 5. D* was calculated as
A is the noise area of the device, which is 400µm x 400 µm for both the samples, f  is the measurement bandwidth, R ν is the measured voltage responsivity, and n v is the RMS noise voltage. Responsivity and D* were measured at 77K using a pour-filled dewar and a 900K blackbody source. The negative bias shows relatively larger response, as the carriers are thermalized before reaching the RT-barriers, and hence can pass through as the pass-band is designed to be very close to the GaAs conduction band. It should be noted that a simple device structure was used as a proof-of-a-concept for a RT-DWELL device and related theoretical calculations. A significant improvement in the device performance can be expected by the use of better designs for the parent sample, such as a double well structure which reduces the cumulative compressive strain per stack, allowing a greater number of stacks, thereby increasing the responsivity.
In conclusion, we present the design and characterization of a resonant tunneling barrier based DWELL samples. A 2-4 orders of magnitude improvement in the dark current of the device has been demonstrated for this device over a control sample. Closer analysis of spectral response clearly demonstrates the effect of resonant tunneling in these devices.
Peak specific detectivity of ~5x10 9 cm.Hz 1/2 W -1 at 77K for the RT-DWELL device shows a factor of 5 improvement over the control sample despite a reduction in responsivity by a factor of 2.5 in this unoptimized structure. Reduction in responsivity can be easily compensated by higher operating bias range, which is a direct consequence of the reduction in the dark current by RT barriers. The peak responsivity is 2.3A/W at (normalized to show the comparison between the two biases).
thickness when compared to the DWELL design. The barrier thickness of these devices was optimized too, by varying the thickness of Al 0.10 Ga 0.90 As used as the barrier.
Detector structures were fabricated using the DDWELL design, using standard cleanroom processing techniques of photolithography, dry etching and contact metal deposition. Detectors with varying aperture sizes were fabricated and extensive characterization was performed by measuring the spectral response, responsivity, detectivity and current-voltage characteristics of these devices.
DDWELL Results
The DDWELL samples show a lower dark current when compared to the DWELL structures, especially at higher bias voltages as shown in Fig.10 . The dark current of the devices reduces with the barrier thickness and a barrier thickness of 65 nm was found to be optimal for this device.
The spectral response of these devices was characterized using a Fourier transform infrared spectrometer. With the improved design, the spectral response of these devices is recognizable up to a temperature of 140 K. A dual color response is observed with peaks at 8.7 and 9.4 microns as shown in fig. 11 . The improvement in operating temperature is a result of the reduced noise in the DDWELL design. microns is seen at 5 V bias, while a peak of 8.7 microns is observed at -5 V bias. 
Voltage (V)
The DDWELL design shows improved detectivity over the DWELL design as a result of the reduced noise and increased active region thickness. As shown in Fig. 12 , a peak detectivity of 6.7×10 10 Jones was observed at 77 K for a wavelength of 8.7 microns. This is an order of magnitude improvement over DWELLs and is comparable to the performance of QWIPs at this wavelength. We have made significant progress in this project. A set of single pixel devices was fabricated and a photon controlling cavity based on surface plasmons was integrated into these devices. The dots-in-a-well (DDWELL)
design and the dots-in-a-double-well (DDWELL) were used for this purpose. The 
DDWELL Results
The patterned samples show a significant change in spectral response when compared to the unpatterned ones. DDWELL samples show a lower dark current when compared to the DWELL structures, especially at higher bias voltages as shown in Fig. 13 . The dark current of the devices reduces with the barrier thickness and a barrier thickness of 65 nm was found to be optimal for this device. Fig.14 shows the spectral response of the devices was measured using a Fourier transform infrared spectrometer and the polarization response was measured using a wire grid polarizer.
The integration of the cavity with the detector improves the response, as a result of the enhanced confinement and coupling of the incident radiation to the modes of the cavity.
As shown in Fig. 15 , an enhancement of the responsivity is obtained. This enhancement has been observed across a wide range of wavelengths and peak enhancement of 5. with sub-micron precision, essential for cavities in the infrared region. A process was developed to control the feature sizes and etch depth precisely. A fabricated pattern using the FIB is illustrated in Fig .16 . Attempts were also made to make use of imaging interferometric lithography (IIL) for fabrication of high throughput sub-micron feature sizes, for fabrication of cavities at the wafer level.A modeling framework was developed to understand the origin of spectral tuning. Using spatial and spectral localization of modes, two types of modes, plasmonic and waveguide, were found to exist within the detector structure, depending on the active region thickness and the geometric pattern used. It is possible to selectively excite modes in a detector structure using a set of metallic holes in a square lattice and a set of square posts on a square lattice. The selective excitation of these modes in these structures will go a long way towards understanding the effects of these modes in infrared detectors. Detector structures were fabricated using the DWELL design, using standard cleanroom processing techniques of photolithography, dry etching and contact metal deposition. The cavity was integrated 
Results
The absorption of metallic post samples was modeled using finite difference time domain (FDTD) techniques. A plot of the mode profile in the y-z direction for the fundamental mode of absorption is shown in Fig. 18 . It indicates that the electric field is fundamentally concentrated away from the metal-semiconductor interface, and has a minimal interaction with the fabricated pattern, indicating a waveguide like nature.
Detector structures fabricated with metallic post samples show a clear suppression of the long-wave peak in spectral response when compared to the unpatterned ones, as shown in Fig. 19 . Future efforts will be directed towards understanding the properties of these modes and to fabricate to demonstrating spectral tuning effects in an infrared focal plane array.
Fig 18:
Spectral response from a sample with a patterned metal post structure with that of the control sample. A clear suppression of the LWIR peak is observed in this sample. 
